Effects of homogeneous low voltage electron beam irradiation (HLEBI) without glue on the adhesive force of tensile shear strength (¸B) at each shear probability (P s ) of laminated PDMS/PTFE sheets of polydimethylsiloxane (PDMS) and Polytetrafluoroethylene (PTFE) were investigated. Although¸B of shear at low and mid P s of 0.06 and 0.50 were 0.015 and 0.04 MPa before treatment, 0.22 MGy-HLEBI enhanced the¸B up to the largest values of 0.098 and 0.11 MPa of the laminated sheets, respectively. They were more than 6 and 3 times larger than those before treatment. On the other hand, additional HLEBI apparently reduced the¸B of laminated sheets irradiated at more than 0.43 MGy as usual radiation damages. The effects of HLEBI on adhesion force of¸B can be explained by the enhancement of cross-linking at PDMS/PTFE interface. When HLEBI cut the chemical bonds and generated active terminated atoms with dangling bonds at cross-linked PDMS and PTFE polymers, strengthening the bonding force of cross-linking polymers was induced by the chemical bonding and intermolecular attractive force.
Introduction
Polydimethylsiloxane (PDMS), which exhibits high transparency and bio-adaptability, has been mainly applied to contact lenze. 1) In addition, since the PDMS also shows selfadhesive, 2) it can be expected to apply to wrapping the biomedical sensors.
Polytetrafluoroethylene (PTFE) exhibits high wear resistance as well as high strength and fracture toughness. It can be applied to artificial blood vessel.
3) When the puncture occurs at PTFE artificial blood vessel, it is difficult to restore itself. The weak puncture resistivity of plastic PTFE is a serious problem to prepare the artificial blood vessel.
In order to improve the puncture resistivity, it has been expected that the bio-adaptable PDMS covers hard PTFE articles. However, it is difficult to glue without problems induced by quick-drying glue and heat adhesion. To solve the problem, the development of rapid and safe adhesion method between PDMS and PTFE sheets has been expected to allow many biomedical applications. Composite polymers have been prepared for biomedical applications by laminating them with heating and glue. 4, 5) Heating often degrades the mechanical strength and chemical properties. 6) On the other hand, the glue generally volatilizes, thereby affecting human health. 6) In addition, development of rapid adhesion without glue should solve this problems. Homogeneous low voltage electron beam irradiation (HLEBI) improves the mist resistance and wetting of inorganic materials.
79) The improvement is mainly caused by the irradiation with the formation of dangling bonds in polymers. 10) Dangling bonds enhance surface energy, which is probably a tool for joining the different polymers.
11) Thus, rapid and safe adhesion between different polymers by using HLEBI can be expected. In addition, the treatment time of HLEBI-sterilization is a few seconds, although sterilizing with ultraviolet light irradiation requires a few hours. 12, 13) Thus, HLEBI is expected to be an excellent tool for not only gluing different polymers without volatilization, but also sterilizing them for biomedical applications, simultaneously. Thus, effects of HLEBI on the adhesive peeling force of laminated sheets of PDMS and PTFE have been investigated without glue. HLEBI from 0.04 to 0.13 MGy has enhanced the adhesive peeling force, although additional dose from 0.22 to 0.86 MGy-HLEBI reduced the force.
Therefore, the effects of HLEBI on the tensile shear strength (¸B) of different polymers of PDMS film covered with PTFE have been investigated.
Experimental Procedure

Homogeneous irradiation of electron beam
Composites sheets were constructed with PDMS (10 mm © 40 mm © 0.075 mm, DOW CORNING TORAY SILPOT 184W/C, Dow Corning Toray Co. Ltd., Japan) and PTFE (10 mm © 40 mm © 0.050 mm, Skived tape MSF-100, Chukoh Chemical Industries Co. Ltd., Japan). The glass transition temperatures (T g ) of PDMS and PTFE are 399 and 150 K, respectively. 14) Both stainless steel springs and 0.015 mm thick nylon6 supporting film, which loaded the compressive stress (80 kPa) at interface, reproducibly connected each polymer surface. 15, 16) As shown in Fig. 1 , samples were set on the stainless spring and stainless steels. They were compressed under 80 kPa by nylon6 film with 15 µm. 15, 16) When the compressive stress of more than 80 kPa was loaded for more than 1.0 h, a high reproducibility of peeling force was obtained. Since no peeling force was observed at the interface between the nylon6 supporting film and the jig in the composites, it was easy to remove the supporting film after irradiation. The sample at the outer surface of the nylon film was homogeneously irradiated by an electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA, Iwasaki Electric Group Co., Ltd., Tokyo). ated with an electron beam through a titanium window attached to a 240 mm-diameter vacuum chamber. A tungsten filament in a vacuum was used to generate the electron beam with an electric voltage of 0.17 MeV and an irradiating current of 2.0 mA. To prevent oxidation, the samples were kept in a nitrogen atmosphere of 0.10 MPa with a residual oxygen concentration of less than 0.040%. The flow rate of the nitrogen gas was 1.5 L/s.
Tensile shear strength
Tensile shear strength tests were performed by a micro load tensile tester (F-S Master-1K-2N, IMADA Co. Ltd., Japan) with a strain rate of 10 mm/min on the samples. The shear stress (¸)-strain (¾) curves were obtained where tensile shear strength (¸B) is defined at the maximum value of shear stress.
Shear strength probability
The cumulative probability (P) by the median rank method 17) often employed in quality control (QC) is one of the widely used and convenient ways to analyze mechanical probabilities of adhesive strength, 18) adhesive peeling resistance, 19) and other mechanical properties. 2023) Likewise, evaluating the shear probability (P s ) is also a convenient method and is used in quantitatively analyzing experimental values relating to peeling resistance. 24 ) P s is expressed by the following equation:
Here, n and I are total number of samples (n = 11) and rank order of shear strength of each sample from weakest to strongest (1 ¼ I ¼ 11), respectively. When the I values are 1, 6, and 11, the P s values are 0.06, 0.50 and 0.94, respectively.
Electron spin resonance (ESR) measurement
The density of the dangling bonds was measured by means of electron spin resonance (ESR) spectrometer (JES-FA200, JEOL Ltd., Tokyo) to obtain more precise information on atomic-scale structural changes in the polymers. 10, 15, 16) The microwave frequency used in the ESR analysis was in the X-band at 9.45 ¹ 0.05 GHz with a field modulation of 0.10 MHz. The microwave power was 1.0 mW. The magnetic field was varied from 317.0 to 327.0 mT.
Results
The tensile shear strength of the PDMS/PTFE adhesive sheets with and without HLEBI has been obtained. Figure 2 depicts the tensile shear stress (¸)-strain (¾) curves of the PDMS/PTFE adhesion with and without HLEBI, together with glue and heat adhesion. The tensile shear strength (¸B) is defined at the maximum value of shear stress. The tensile shear strength of 0.22 MGy-HLEBI is much higher than that of untreated sample. The glue (AronAlpha #31303, Tokyo, Toagosei Co. Ltd., Japan) cannot improves the tensile shear strength, although the fracture strain of glued sample is more than 10 times longer than that of untreated sample.
Moreover, since the tensile shear strength and fracture strain of heat adhesions under 5 MPa for 180 s at 495 and 523 K is about two and 4 +/¹1 times stronger and longer than that of untreated samples, respectively, the heat adhesion improves the tensile shear strength and fracture strain. On the other hand, the tensile shear strength of HLEBI sample is 1.5 times higher than those with heat adhesion. Therefore, HLEBI can be concluded to be one of adaptable adhesion treatments rather than heat and glue adhesions. Figure 3 plots the relationships between¸s and P s of PDMS/PTFE adhesion with and without HLEBI. Although PDMS/PTFE adhesion can be observed by the only HLEBI, the¸B value of PDMS/PTFE adhesion with 0.22 MGy-HLEBI is mostly higher than that without HLEBI. dose of 0.22 MGy-HLEBI apparently enhances the PDMS/ PTFE adhesion of¸B, which is apparently higher than that without HLEBI.
Discussion
4.1 Relationship between tensile shear strength and peeling force Both peeling force 25) and tensile shear strength are indicator of the adhesion force. Enhancements of both adhesion forces have been mostly observed from 0.04 to 0.30 MGy-HLEBI. Thus, to utilize for bio-adaptable articles, optimum dose should be selected within this condition.
The lowest tensile shear strength
In order to estimate the statistical shear strength at extremely low P s values precisely, the lowest mean adhesive force of tensile shear strength (¸B) at P s of zero (¸s) for safety design are assumed to be attained from the adaptable relationships of the three parameter Weibull equation iterating to the high correlation coefficient (F). P s depend on the risk of rupture ([¸B ¹¸s]/¸I II ), respectively.
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In predicting the required¸B of new structural materials, coefficient (mA) and constant (¸I II ) are the key parameters, respectively. The¸I II is the¸B, when the term ln[¹ln(1 ¹ P s )] is zero. When P s = 0, the¸B is defined as the¸s, respectively. Based on the three parameter Weibull equation, the lowesţ B value at P s of zero (¸s) could be estimated. An increasing trend in¸s occurs by applying 0.22 MGy-HLEBI without radiation damage of PDMS/PTFE, respectively. It was 6 times higher than that of PDMS/PTFE without HLEBI. Figure 7 depicts the ESR signals of Polydimethylsiloxane (PDMS) and Polytetrafluoroethylene (PTFE) with and without irradiation at each dose. Although ESR signals could not be detected in the untreated sample, ESR signals, indicating dangling bonds density at terminated atoms in polymers, have been observed in PDMS and PTFE samples irradiated.
HLEBI induced active terminated atoms with dangling bonds evaluated by ESR
Since HLEBI up to 0.43 MGy enhances the intensity of the ESR signals in the PTFE, it gradually enhances the density of dangling bonds. ESR signals (see Fig. 7 ) indicate that HLEBI enhances the density of dangling bonds in PTFE. Formation of activated terminated atoms with dangling bonds probably increase the additional free volume induced by atomic scale expansion sites, 31) which easily propagates the crack at both inside and outside of samples. Based on the experimental observation, the fracture always occurs at interface. When the bonding atoms between adhesive interface and insides close to interface easily cut each others by radiation damages, thȩ B reduction of laminated sheets irradiated at additional dose of more than 0.43 MGy-HLEBI can be explained.
On the other hand, ESR signals are not largely detected in the PDMS samples even after irradiation. Since the glass transition temperature (T g ) of PDMS is below room temperature, the recovery easily occurs, resulting in weak intensity and its discontinuous dose dependence in PDMS. Since the chemical bonds in PDMS are weaker than those of PTFE, it is easy that HLEBI generates the active terminated atoms with dangling bonds. However, since it is simultaneously easy to recover quickly to annihilate the active terminated atoms with dangling bonds, they cannot be largely detected.
Concepts of chemical bonds between terminated
monomers of cross-linked PDMS and PTFE polymers with dangling bonds When HLEBI cut the chemical bonds, it generated active terminated atoms with dangling bonds at cross-linked PDMS and PTFE polymers. 25) Figure 8 illustrates the constitutional formula of chemical bonds of [PTFE] The PTFE is composed of elements of F and C, whereas the PDMS is composed of elements of C, H, Si and O. Based on the results of XPS surface analysis for PDMS/PTFE laminated sheets after 0.22 MGy-HLEBI, fluorine is also found in the PDMS side peeled surface, 25) although no signals can be observed in the untreated samples. Strengthen- ing the bonding force of cross-linking polymers was induced by the chemical bonding and intermolecular attractive force. Therefore, effects of HLEBI on adhesion force of¸B can be explained by the enhancement of bonding force of crosslinked polymers at PDMS/PTFE interface.
Conclusion
The effects of homogeneous low voltage electron beam irradiation (HLEBI) without glue but with sterilization on the tensile shear strength (¸B) of laminated sheets constructed with polydimethylsiloxane (PDMS) and polytetrafluoroethylene (PTFE) were investigated.
(1) The optimum dose of 0.22 MGy-HLEBI apparently enhanced the PDMS/PTFE-adhesion of both mean peeling resistance ( o F p ) and tensile shear strength (¸B), which were higher than those without HLEBI. 
